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ABSTRACT The micleotide sequence of the RNA genome
of the human hepatitis C virus (HCV) has been determined
from overlapping cDNA clones. The sequence (9379 nucleo-
tides) has a single large open reading frame that could encode
a viral polyprotein precursor of 3011 amino acids. While there
is little overall amino acid and nucleotide sequence homology
with other viruses, the 5’ HCV nucleotide sequence upstream
of this large open reading frame has substantial similarity to the
5’ termini of pestiviral genomes. The polyprotein also has
significant sequence similarity to helicases encoded by animal
pestiviruses, plant potyviruses, and human flaviviruses, and it
contains sequence motifs widely conserved among viral repli-
cases and trypsin-like proteases. A basic, presumed nucleo-
capsid domain is located at the N terminus upstream of a region
containing numerous potential N-linked glycosylation sites.
These HCV domains are located in the same relative position
as observed in the pestiviruses and flaviviruses and the hydro-
phobic profiles of all three viral polyproteins are similar. These
combined data indicate that HCV is an unusual virus that is
most related to the pestiviruses. Significant genome diversity is
apparent within the putative 5’ structural gene region of
different HCV isolates, suggesting the presence of closely
related but distinct viral genotypes.

A recombinant immunoscreening approach has recently been
used to isolate a cDNA clone (5-1-1) from the genome of an
infectious human hepatitis agent that is immunologically
unrelated to the hepatitis A and B viruses (1). Clone 5-1-1 and
overlapping clones hybridized to a single-stranded RNA
molecule that was present in infectious plasma and that
encodes immunological epitopes that cross-react in non-A,
non-B hepatitis NANBH) cases from around the world (1, 2).
Termed the hepatitis C virus (HCV), this agent appears to be
the major cause of posttransfusion and sporadic NANBH
worldwide and plays a major role in the development of
chronic liver disease including hepatocellular carcinoma (ref.
2; for review, see ref. 3). We now report the nucleotide
sequence of the HCV genome and we discuss its genetic
organization and diversity.$

MATERIALS AND METHODS

The nucleotide sequence was deduced from a large series of
overlapping cDNA clones (150-800 base pairs) derived from
the same random-primed Agtll cDNA library used to isolate
clone 5-1-1 (1). The source of virus was a plasma pool derived
from a chimpanzee with a chronic NANBH infection. This
animal represented the second passage of the agent contam-
inating a human factor VIII concentrate (4). Based initially on
the sequence of clone 5-1-1, 32P-labeled synthetic oligonu-
cleotides (30-mers) were used as hybridization probes (5) to
isolate cDNA clones overlapping with both termini of clone
5-1-1. Each successive cycle of this repetitive ‘‘walking’’
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process usually involved the sequencing of at least 6 different
cDNAs from each end. Each Agtll cDNA clone was se-
quenced on both strands after subcloning the EcoRI cDNA
insert into bacteriophage M13 (6). The sequence of nucleo-
tides (nt) —319-2713 and 7928-8861 was also confirmed from
additional cDNA clones generated by substituting oligonu-
cleotide primers, based on the overlapping HCV cDNA
sequences, in place of random primers in the cloning process
(1). The sequence of the extreme 3’-terminal region (nt
8987-9060) was derived from cDNA clones generated by
using reverse transcriptase primer 88 [5’-AATTCGCGGC-
CGCCATACGATTTAGGTCGACACTATAGAA(T)5-3']
followed by amplification of the resulting cDNA through PCR
(7) using primers based on the upstream sequence of HCV (nt
8584-8604) and the 5’-terminal 20 nt of primer 88.

RESULTS

The nucleotide sequence (Fig. 1) was generated primarily
from a large series of overlapping cDNA clones derived from
a random-primed Agtll cDNA library used originally to
isolate clone 5-1-1 from infectious chimpanzee plasma (1).
Substantial parts of the sequence were also derived from
additional cDNA clones obtained subsequently by primer-
extension methods. The nucleotide sequence (59% G+C
content) contains one large open reading frame (ORF) that
could encode a polyprotein of 3011 amino acids beginning
with the first methionine codon and ending with the first
in-frame stop codon (nt 1-9033; Fig. 1). The next largest ORF
contains only 1156 nt and is present in the antigenomic
sequence (nt —319-836; Fig. 1). Primer-extension studies
indicate that nt —319 is likely to be within 20-30 nt of the 5’
terminus (J.H.H., unpublished data). The 3’ noncoding re-
gion is very short and may be incomplete. HCV RNA
extracted from infectious liver was shown to bind to oli-
go(dT)-cellulose (1), which may be due either to an A-rich
tract identified in the sequence (nt 23-36; Fig. 1) or to one in
the 3’-terminal region. The extreme 3’ sequence was derived
from clones obtained by using an oligo(dT) primer of reverse
transcriptase followed by PCR amplification, suggesting the
presence of either an A-rich tract within the 3’ noncoding
region or a 3’-terminal poly(rA) sequence. Further work is
necessary to clarify this matter.

We observed little overall homology between either the
HCYV polyprotein or its encoding nucleotide sequence and
other known viral sequences, thus indicating the unusual
nature of HCV. However, there are three regions of the HCV
polyprotein that share some amino acid sequence homologies
with other viruses. As described earlier in preliminary analy-
ses (15, 16) of our partial HCV sequence corresponding to
amino acids 451-2886 only (Fig. 1), one region resides approx-
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CACTCCACCATGAATCACTCCCCTGTGAGGAACTACTGTCTTCACGCAGAAAGCGTCTAGCCATGGCGTTAGTATGAGTGTCGTGCAGCCTCCAGGACCCCCCCTCCCGGGAGAGCCATAGTGGTCTGCGGAACCGGTGAGTACACCG

I e [HEHT T R TR e
GAATTGCCAGGACGACCGGGTCCTTTCTTGGATCAACCCGCTCAATGCCTGGAGAT TTGGGCGTGCCCCCGCAAGACTGCTAGCCGAGTAGTGT TGGGTCGCGAAAGGCCT TGTGGTACTGCCTGATAGGGTGCTTGCGAGTGCCCCGGE

M STNPKPOQKKNTEKRSNTNRRPQDVKTEFPGGG GO QTIVGGVYLLPRERSGSGE PR
AGGTCTCGTAGACCGTGCACCATGAGCACGAATCCTAAACCTCAAAAAAAAAACAAACGTAACACCAACCGTCGCCCACAGGACGTCAAGT TCCCGGGTGGCGGTCAGATCGTTGGTGGAGT TTACTTGT TGCCGCGCAGGGGCCCTAGA
LGVRATRIKTSERS QPRGRRQPTIPKARRPEGRTUWAQPGYU®PWPLYGNETGT CG GTW
TTGGGTGTGCGCGCGACGAGAAAGACTTCCGAGCGGTCGCAACCTCGAGGTAGACGTCAGCCTATCCCCAAGGCTCGTCGGCCCGAGGGCAGGACCTGGGCTCAGCCCGGGTACCCTTGGCCCCTCTATGGCAATGAGGGCTGCGGGTGG
AGWLL SPRGSRPSMWGPTDPRRRSRNLGKVYIDTLTCGTFADLMGYTI®PLVGATP
GCGGGATGGCTCCTGTCTCCCCGTGGCTCTCGGCCTAGCTGGGGCCCCACAGACCCCCGGCGTAGGTCGCGCAATTTGGGTAAGGTCATCGATACCCTTACGTGCGGCT TCGCCGACCTCATGGGGTACATACCGCTCGTCGGCGCCCCT
L 6GAARALAGHGVRVLEDGSGVNYATGNLPGCSESTIFLLALLSCLTVPASATYGQ
CTTGGAGGCGCTGCCAGGGCCCTGGCGCATGGCGTCCGGGTTCTGGAAGACGGCGTGAACTATGCAACAGGGAACCTTCCTGGTTGCTCTTTCTCTATCTTCCTTCTGGCCCTGCTCTCTTGCTTGACTGTGCCCGCTTCGGCCTACCAA
VRNSTGLYHVTNDTC CPNSSTIVYEAADATILUMHWKTPGTCVPCVREGNASRTCWUWVANT
GTGCGCAACTCCACGGGGCTTTACCACGTCACCAATGAT TGCCCTAACTCGAGTATTGTGTACGAGGCGGCCGATGCCATCCTGCACACTCCGGGGTGCGTCCCTTGCGTTCGTGAGGGCAACGCCTCGAGGTGTTGGGTGGCGATGACC
PTVATRDG G KTLZPATO QLRRIHKIDLLVGSATLCSALYVGDLTCGSVFLVGQLTFTETF
CCTACGGTGGCCACCAGGGATGGCAAACTCCCCGCGACGCAGCTTCGACGTCACATCGATCTGCTTGTCGGGAGCGCCACCCTCTGTTCGGCCCTCTACGTGGGGGACCTATGCGGGTCTGTCTTTCTTGTCGGCCAACTGTTCACCTTC
S PRRHMWTTQGCNTCSTITYPGHTITGHRMAUWDMMMNGSPTTITALVMAQLLRTIPOGA
TCTCCCAGGCGCCACTGGACGACGCAAGGTTGCAATTGCTCTATCTATCCCGGCCATATAACGGGTCACCGCATGGCATGGGATATGATGATGAACTGGTCCCCTACGACGGCGTTGGTAATGGCTCAGCTGCTCCGGATCCCACAAGCC
1 LDMI AGAHWGVLAGIAYTFSMVGNUWAKVYVLVVLLLTFAGVDAETHVYTSGSGSA ARG
ATCTTGGACATGATCGCTGGTGCTCACTGGGGAGTCCTGGCGGGCATAGCGTATTTCTCCATGGTGGGGAACTGGGCGAAGGTCCTGGTAGTGCTGCTGCTATTTGCCGGCGTCGACGCGGAAACCCACGTCACCGGGGGAAGTGCCGGC
HTVSGFVSLLAPGAK® Q@NVOQLTINTNGS SUWHLNSTALNTCNDS SLNTGWLAGLTEFY
CACACTGTGTCTGGATTTGTTAGCCTCCTCGCACCAGGCGCCAAGCAGAACGTCCAGCTGATCAACACCAACGGCAGT TGGCACCTCAATAGCACGGCCCTGAACTGCAATGATAGCCTCAACACCGGCTGGTTGGCAGGGCTTTTCTAT
HHKFNSSGTCPERTLASCRPLTDTFDAO QGWGPISYANGSGPDU ORPYT CWHYPPKSF?P
CACCACAAGTTCAACTCTTCAGGCTGTCCTGAGAGGCTAGCCAGCTGCCGACCCCTTACCGATT TTGACCAGGGCTGGGGCCCTATCAGT TATGCCAACGGAAGCGGCCCCGACCAGCGCCCCTACTGCTGGCACTACCCCCCAAAACCT
CGl1 VPAKSVCGPVYCFTPSPVVVGETTDRSGAPTYSWGENDTDVFVLNNTR
TGCGGTATTGTGCCCGCGAAGAGTGTGTGTGGTCCGGTATATTGCTTCACTCCCAGCCCCGTGGTGGTGGGAACGACCGACAGGTCGGGCGCGCCCACCTACAGCTGGGGTGAAAATGATACGGACGTCTTCGTCCTTAACAATACCAGG
PP LGNUWMMEFGC CTWMNS STGTFTIKVCGAPPCVIGGAGNNTLUHCPTDC CTFRIKIUH PDAT
CCACCGCTGGGCAATTGGTTCGGTTGTACCTGGATGAACTCAACTGGATTCACCAAAGTGTGCGGAGCGCCTCCTTGTGTCATCGGAGGGGCGGGCAACAACACCCTGCACTGCCCCACTGATTGCTTCCGCAAGCATCCGGACGCCACA
Y SRCGSGPWITPRCLVDYPYRLWHYPCTTINYTTITFI KTIRMYVGGVEHRTLTEAA
TACTCTCGGTGCGGCTCCGGTCCCTGGATCACACCCAGGTGCCTGGTCGACTACCCGTATAGGCTTTGGCATTATCCTTGTACCATCAACTACACCATATTTAAAATCAGGATGTACGTGGGAGGGGTCGAACACAGGCTGGAAGCTGCC
CNWTRGERTCDTLEDRDRSELSPLLLTTTAQWAQVLPCSTFTTLPALSTSGILTIHLH
TGCAACTGGACGCGGGGCGAACGTTGCGATCTGGAAGACAGGGACAGGTCCGAGCTCAGCCCGTTACTGCTGACCACTACACAGTGGCAGGTCCTCCCGTGTTCCTTCACAACCCTACCAGCCTTGTCCACCGGCCTCATCCACCTCCAC
Q NI VDVQYLlLYGVGSSIASWAIKWMWETYVVLLFLLLADARVCSC CLWMMLLTISDE
CAGAACATTGTGGACGTGCAGTACTTGTACGGGGTGGGGTCAAGCATCGCGTCCTGGGCCATTAAGTGGGAGTACGTCGTTCTCCTGTTCCTTCTGCTTGCAGACGCGCGCGTCTGCTCCTGCTTGTGGATGATGCTACTCATATCCCAA
A EAALENLVILNAASLAGTHGLVSFLVFFCTFAWYLKGKUWVPGAVYTTFYGNHM
GCGGAGGCGGCTTTGGAGAACCTCGTAATACTTAATGCAGCATCCCTGGCCGGGACGCACGGTCTTGTATCCTTCCTCGTGTTCTTCTGCTTTGCATGGTATTTGAAGGGTAAGTGGGTGCCCGGAGCGGTCTACACCTTCTACGGGATG
WP LLLLLULALPOQGRAYA ALDTEVAASCGSGVVLVGLMALTLSPYYKRYTIlSUWCLl
TGGCCTCTCCTCCTGCTCCTGTTGGCGTTGCCCCAGCGGGCGTACGCGCTGGACACGGAGGTGGCCGCGTCGTGTGGCGGTGTTGTTCTCGTCGGGT TGATGGCGCTGACTCTGTCACCATATTACAAGCGCTATATCAGCTGGTGCTTG
W WlLQY FLTRVEAQLUHVWIPPLNVRGGRDAVILLMCAVHPTLVFDITIKILILIL
TGGTGGCTTCAGTATTTTCTGACCAGAGTGGAAGCGCAACTGCACGTGTGGATTCCCCCCCTCAACGTCCGAGGGGGGCGCGACGCCGTCATCTTACTCATGTGTGCTGTACACCCGACTCTGGTATTTGACATCACCAAATTGCTGCTG
AV FGPLWILQASLLEKVPYFVRVQ@EGLLRFCALARIKMIGS GHYVaQMVIIIKTLTEGA
GCCGTCTTCGGACCCCTTTGGATTCTTCAAGCCAGTTTGCTTAAAGTACCCTACTTTGTGCGCGTCCAAGGCCTTCTCCGGTTCTGCGCGT TAGCGCGGAAGATGATCGGAGGCCATTACGTGCAAATGGTCATCATTAAGT TAGGGGCG
L TGTY VYNU HLTPLRDWMWAUHNGLRDILAVAVEPVVFSQQMETI KILTITHWMWGADTAAC

CTTACTGGCACCTATGTTTATAACCATCTCACTCCTCTTCGGGACTGGGCGCACAACGGCTTGCGAGATCTGGCCGTGGCTGTAGAGCCAGTCGTCTTCTCCCAAATGGAGACCAAGCTCATCACGTGGGGGGCAGATACCGCCGCGTGL
G b1 I NGLPVSARRGRETILLGPADG GMVYVSI KU GUWRLLAPITAYAQQTRGLLGTC!I
GGTGACATCATCAACGGCTTGCCTGTTTCCGCCCGCAGGGGCCGGGAGATACTGCTCGGGCCAGCCGATGGAATGGTCTCCAAGGGGTGGAGGT TGCTGGCGCCCATCACGGCGTACGCCCAGCAGACAAGGGGCCTCCTAGGGTGCATA

_ s
1 TS LTGRDIKNSO QVEGEVQIVSTAAQTTFLATC CINGVCWTIVYHGAGTRTTIASST®P
ATCACCAGCCTAACTGGCCGGGACAAAAACCAAGTGGAGGGTGAGGTCCAGATTGTGTCAACTGCTGCCCAAACCTTCCTGGCAACGTGCATCAATGGGGTGTGCTGGACTGTCTACCACGGGGCCGGAACGAGGACCATCGCGTCACCC
s
KGPVIQMYTNVDQDLVYVGHWPAPQGSRSLTPCTCGSSDLYLVTRHADVIPVR
AAGGGTCCTGTCATCCAGATGTATACCAATGTAGACCAAGACCTTGTGGGCTGGCCCGCTCCGCAAGGTAGCCGCTCATTGACACCCTGCACTTGCGGCTCCTCGGACCTTTACCTGGTCACGAGGCACGCCGATGTCATTCCCGTGCGC
$ ss s ]
RRGDSRGSLLSPRPIOSYLKS GSSGGPLLCPAGHAVGITFRAAVYCTRGVYAKAV
CGGCGGGTGATAGCAGGGGCAGCCTGCTGTCGCCCCGECCCATTTCCTACT TGAAAGGCTCCTCGGEGGGTCCGCTGT TGTGCCCCGCGEEGCACGCCGTGGGCATATTTAGGGCCGCGGTGTGCACCCGTGRAGTGGCTAAGGCGGTG
* * *
D FIPVENLETTMRSPVFTDNSSPPVVPQSTFQVAHLMKAPTGSGKT STIKVPAA
GACTTTATCCCTGTGGAGAACCTAGAGACAACCATGAGGTCCCCGGTGTTCACGGATAACTCCTCTCCACCAGTAGTGCCCCAGAGCTTCCAGGTGGCTCACCTCCATGCTCCCACAGGCAGCGGCAAAAGCACCAAGGTCCCGGCTGCA
»
Y AAQGY K VLVLNPSVAATLGTFGAYMNMSIKAHGIDODPNIRTGVRTITTGSPITY
TATGCAGCTCAGGGCTATAAGGTGCTAGTACTCAACCCCTCTGTTGCTGCAACACTGGGCTTTGGTGCTTACATGTCCAAGGCTCATGGGATCGATCCTAACATCAGGACCGGGGTGAGAACAAT TACCACTGGCAGCCCCATCACGTAC

* * x *
$ TYGKFLADGGTCSGGAYDTITITTITCDETCHSTDATSI!ILGIGTVLDQ@AETA AGARIL
TCCACCTACGGCAAGT TCCTTGCCGACGGCGGGTGLTC GCTTATGACATAATAATTTGTGACGAGTGCCACTCCACGGATGCCACATCCATCTTGGGCATCGGCACTGTCCTTGACCAAGCAGAGACTGCGGGGGCGAGACTG
* x * * * *

VVLATATPPGSVTVPHPNTIEEVALSTTGETIPTFYGKATIPLEVIK®GEGRTHLTIEF
GTTGTGCTCGCCACCGCCACCCCTCCGGGCTCCGTCACTGTGCCCCATCCCAACATCGAGGAGGT TGCTCTGTCCACCACCGGAGAGATCCCTT TTTACGGCAAGGCTATCCCCCTCGAAGTAATCAAGGGGGGGAGACATCTCATCTTC
* * * *
CHSKKKTCDETLAAKLVYVALGTINAVAYYRGLDVSVIPTSGDVVVVATDALHMTITGEG
TGTCATTCAAAGAAGAAGTGCGACGAACTCGCCGCAAAGCTGGTCGCATTGGGCATCAATGCCGTGGCCTACTACCGCGGTCTTGACGTGTCCGTCATCCCGACCAGCGGCGATGT TGTCGTCGTGGCAACCGATGCCCTCATGACCGGE
* * * * ® * ®

Y TG6DFDSVIDCNTCVTQTVDFSLDPTEFTIETTITLPQ@DAVSRTAQRRGRTGHR
TATACCGGCGACTTCGACTCGGTGATAGACTGCAATACGTGTGTCACCCAGACAGTCGATTTCAGCCT TGACCCTACCTTCACCAT TGAGACAATCACGCTCCCCCAGGATGCTGTCTCCCGCACTCAACGTCGGGGCAGGACTGGCAGG
6 KPGIVYRTFVAPGERTPSGMEFDSSVLCET CYDAGCAWYELTPAETTVRLRATYHM
GGGAAGCCAGGCATCTACAGAT TTGTGGCACCGGGGGAGCGCCCCTCCGGCATGTTCGACTCGTCCGTCCTCTGTGAGTGCTATGACGCAGGCTGTGCTTGGTATGAGCTCACGCCCGCCGAGACTACAGT TAGGCTACGAGCGTACATG

FiG. 1. (Figure continues on opposite page.)
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N TPGLPVCOQDU HLETFUWETGVFTGLTHTIDAHTFLSQTIKA QSGENTLTPYLVAY QQATUV
AACACCCCGGGGCTTCCCGTGTGCCAGGACCATCTTGAATTTTGGGAGGGCGTCTTTACAGGCCTCACTCATATAGATGCCCACTTTCTATCCCAGACAAAGCAGAGT GGGGAGAACCTTCCTTACCTGGTAGCGTACCAAGCCACCGTG
CARAQAPPPSWDAQMWIKCLTIRLIKPTLHGPTPLLYRLGAVQNETITLTHPVTITHK
TGCGCTAGGGCTCAAGCCCCTCCCCCATCGTGGGACCAGATGTGGAAGTGTTTGATTCGCCTCAAGCCCACCCTCCATGGGCCAACACCCCTGCTATACAGACTGGGCGCTGT TCAGAATGAAATCACCCTGACGCACCCAGTCACCAAA
Y I M T CMSADILEVVTISTWVLVGGEGVLAALAAYTCLSTGCVVIVGEGRVVLSS GEKTEPA
TACATCATGACATGCATGTCGGCCGACCTGGAGGTCGTCACGAGCACCTGGGTGCTCGTTGGCGGCGTCCTGGCTGCTTTGGCCGCGTATTGCCTGTCAACAGGCTGCGTGGTCATAGTGGGCAGGGTCGTCTTGTCCGGGAAGCCGGCA
I 1 PDREV LYRETFUDEMETET CSAO QHTLPYTEQGMMLAEQ QTFI KA QKA ALGLTLOQTASR R~ QA
ATCATACCTGACAGGGAAGTCCTCTACCGAGAGT TCGATGAGATGGAAGAGTGCTCTCAGCACTTACCGTACATCGAGCAAGGGATGATGCTCGCCGAGCAGTTCAAGCAGAAGGCCCTCGGCCTCCTGCAGACCGCGTCCCGTCAGGCA
EVIAPAVQTNWQEKILETTFWAKTUHMMWNEFTISGIQYLlLAGLSTLPGNPATIASTLMAETF
GAGGTTATCGCCCCTGCTGTCCAGACCAACTGGCAAAAACTCGAGACCTTCTGGGCGAAGCATATGTGGAACTTCATCAGTGGGATACAATACT TGGCGGGCTTGTCAACGCTGCCTGGTAACCCCGCCATTGCTTCATTGATGGCTTTT
TAAVITSPLTTSOQQTLLTFNILGG GWMWVAAQLAAPGAATATFVGEGAGLAGAATIGS SVG
ACAGCTGCTGTCACCAGCCCACTAACCACTAGCCAAACCCTCCTCTTCAACATATTGGGGGGGTGGGTGGCTGCCCAGCTCGCCGCCCCCGGTGCCGCTACTGCCTTTGTGGGCGCTGGCTTAGCTGGCGCCGCCATCGGCAGTGT TGGA
L GKVLIDTIULAGYGAGVAGALVATFIKTIMSGEVPSTETDTLVNLLZPAILSPGA ALV
CTGGGGAAGGTCCTCATAGACATCCTTGCAGGGTATGGCGCGGGCGTGGCGGGAGCTCTTGTGGCATTCAAGATCATGAGCGGTGAGGTCCCCTCCACGGAGGACCTGGTCAATCTACTGCCCGCCATCCTCTCGCCCGGAGCCCTCGTA
VGVVCAATILRRUMHYVGPGEGAVQWMNRLTIATFASRGNI HVSPTITHYVPESDAAAR
GTCGGCGTGGTCTGTGCAGCAATACTGCGCCGGCACGTTGGCCCGGGC! AGTGCAGTGGATGAACCGGCTGATAGCCTTCGCCTCCCGGGGGAACCATGTTTCCCCCACGCACTACGTGCCGGAGAGCGATGCAGCTGCCCGC
VTAILSSLTVTITOQ@LLRRLHQWI SSETCTTPCSGSUWLRDIWDWICEVLSDTFEKT
GTCACTGCCATACTCAGCAGCCTCACTGTAACCCAGCTCCTGAGGCGACTGCACCAGTGGATAAGCTCGGAGTGTACCACTCCATGCTCCGGTTCCTGGCTAAGGGACATCTGGGACTGGATATGCGAGGTGT TGAGCGACTTTAAGACC
W LKAKLMPO QLPGI!IPFVSCQRGYIKTG GV WRVDGIMHTRTCHCGAETITGHVKNGT
TGGCTAAAAGCTAAGCTCATGCCACAGCTGCCTGGGATCCCCTTTGTGTCCTGCCAGCGCGGGTATAAGGGGGTCTGGCGAGTGGACGGCATCATGCACACTCGCTGCCACTGTGGAGCTGAGATCACTGGACATGTCAAAAACGGGACG
M R1 VGPRT CRNMMYSGTFPINAYTTGPCTPLPAPNYTTFALUWRVSAETETYVEI
ATGAGGATCGTCGGTCCTAGGACCTGCAGGAACATGTGGAGTGGGACCTTCCCCATTAATGCCTACACCACGGGCCCCTGTACCCCCCTTCCTGCGCCGAACTACACGTTCGCGCTATGGAGGGTGTCTGCAGAGGAATATGTGGAGATA
R QV GDFHY VT GMTTDNLIKCPCOQVPSPETFTFTETLDGVRLHRTFAPPTCIKTPLILRE
AGGCAGGTGGGGGACTTCCACTACGTGACGGGTATGACTACTGACAATCTCAAATGCCCGTGCCAGGTCCCATCGCCCGAATTTTTCACAGAAT TGGACGGGGTGCGCCTACATAGGT TTGCGCCCCCCTGCAAGCCCTTGCTGCGGGAG
EVSFRVGLHETYPVGSQLPCEPEPDVAVLTSMHLTDPSHITAEA AAGRRLARSGE
GAGGTATCATTCAGAGTAGGACTCCACGAATACCCGGTAGGGTCGCAATTACCTTGCGAGCCCGAACCGGACGTGGCCGTGTTGACGTCCATGCTCACTGATCCCTCCCATATAACAGCAGAGGCGGCCGGGCGAAGGT TGGCGAGGGGA
S PP SVASSSASOQLSAPSLIKATTC CTANHDSPDAETLTIEA ANLLUWROGEMGSGNITR
TCACCCCCCTCTGTGGCCAGCTCCTCGGCTAGCCAGCTATCCGCTCCATCTCTCAAGGCAACT TGCACCGCTAACCATGACTCCCCTGATGCTGAGCTCATAGAGGCCAACCTCCTATGGAGGCAGGAGATGGGCGGCAACATCACCAGG
VESENKVVILDSTFDTPLVAETEDETRETILISVPAETILRIKSRRTFAQALPVWARPDY
GTTGAGTCAGAAAACAAAGTGGTGATTCTGGACTCCTTCGATCCGCTTGTGGCGGAGGAGGACGAGCGGGAGATCTCCGTACCCGCAGAAATCCTGCGGAAGTCTCGGAGATTCGCCCAGGCCCTGCCCGT TTGGGCGCGGCCGGACTAT
N PPLVETUWKIKTPDYTEPPVVHGCPLPPPKSPPVPPPRKIKRTVVLTES STLSTA
AACCCCCCGCTAGTGGAGACGTGGAAAAAGCCCGACTACGAACCACCTGTGGTCCATGGCTGTCCGCTTCCACCTCCAAAGTCCCCTCCTGTGCCTCCGCCTCGGAAGAAGCGGACGGTGGTCCTCACTGAATCAACCCTATCTACTGCC
LAELATRSTFGSSSTSGI!TGDNTTTSSEPAPSGTCPPDSDAESYSSMPPLESG G
TTGGCCGAGCTCGCCACCAGAAGCTTTGGCAGCTCCTCAACTTCCGGCATTACGGGCGACAATACGACAACATCCTCTGAGCCCGCCCCTTCTGGCTGCCCCCCCGACTCCGACGCTGAGTCCTATTCCTCCATGCCCCCCCTGGAGGGG
EPGDUPDTLSDGSWSTVSSEANAEDVVCCSMSYSWTGALVTPCAAETE® Q@KTLEFPI
GAGCCTGGGGATCCGGATCTTAGCGACGGGTCATGGTCAACGGTCAGTAGTGAGGCCAACGCGGAGGATGTCGTGTGCTGCTCAATGTCTTACTCTTGGACAGGCGCACTCGTCACCCCGTGCGCCGCGGAAGAACAGAAACTGCCCATC
N ALSNS STLLRIHHNLUVY SSTTSRSACQRQKTI KVYTTFDRLOQQVLDSHY Q@DVLKEVKA
AATGCACTAAGCAACTCGTTGCTACGTCACCACAATTTGGTGTATTCCACCACCTCACGCAGTGCTTGCCAAAGGCAGAAGAAAGTCACATTTGACAGACTGCAAGTTCTGGACAGCCATTACCAGGACGTACTCAAGGAGGT TAAAGCA
A AS KV KANILTLSVETEACSLT®PPHSAKSIKTFGYGAKDVRCHARIKAVTHINSVW
GCGGCGTCAAAAGTGAAGGCTAACTTGCTATCCGTAGAGGAAGCT TGCAGCCTGACGCCCCCACACTCAGCCAAATCCAAGTTTGGTTATGGGGCAAAAGACGTCCGTTGCCATGCCAGAAAGGCCGTAACCCACATCAACTCCGTGTGG
K DLLEDNVTITPIDTTTIMAKNEVTFTCVAQPEIKSEGS GRTKT®PARLIVFPDLGVRVCETKHM
AAAGACCTTCTGGAAGACAATGTAACACCAATAGACACTACCATCATGGCTAAGAACGAGGTTTTCTGCGTTCAGCCTGAGAAGGGGGGTCGTAAGCCAGCTCGTCTCATCGTGTTCCCCGATCTGGGCGTGCGCGTGTGCGAAAAGATG
ALYDUVVTITKLPLAVMGSSYGFQYSPGQRVETFLVQAWKSIKTIKTZ®PMGTFSYDTRTEC
GCTTTGTACGACGTGGTTACAAAGCTCCCCTTGGCCGTGATGGGAAGCTCCTACGGATTCCAATACTCACCAGGACAGCGGGT TGAATTCCTCGTGCAAGCGTGGAAGTCCAAGAAAACCCCAATGGGGTTCTCGTATGATACCCGCTGC
FDSTVTESDTIRTETEAIYOQCCDTLDZPQARVAIKSILTERLYVGGPLTNSREGEN
TTTGACTCCACAGTCACTGAGAGCGACATCCGTACGGAGGAGGCAATCTACCAATGTTGTGACCTCGACCCCCAAGCCCGCGTGGCCATCAAGTCCCTCACCGAGAGGCTTTATGTTGGGGGCCCTCTTACCAATTCAAGGGGGGAGAAC

# # # ###
CGYRRGCRASGVLTTSCGNTLTCYI1KARAACRAAGLO QDT CTMLVCGDDLVVI
TGCGGCTATCGCAGGTGCCGCGCGAGCGGCGTACTGACAACTAGCTGTGGTAACACCCTCACTTGCTACATCAAGGCCCGGGCAGCCTGTCGAGCCGCAGGGCTCCAGGACTGCACCATGCTCGTGTGTGGCGACGACTTAGTCGTTATC
CESAGVQEDA AASTLRAFTEAMTRYSAPPGD®PPOQPETYDILETLTITSCSSNVSVA
TGTGAAAGCGCGGGGGTCCAGGAGGACGCGGCGAGCCTGAGAGCCTTCACGGAGGCTATGACCAGGTACTCCGCCCCCCCTGGGGACCCCCCACAACCAGAATACGACTTGGAGCTCATAACATCATGCTCCTCCAACGTGTCAGTCGCC
HDGAGKR RVYYLTRDPTTPLARAAMWETARIHTPVNSW WLGNTITIMFAPTILWARM
CACGACGGCGC TGGAAAGAGGGTCTACTACCTCACCCGTGACCCTACAACCCCCCTCGCGAGAGCTGCGTGGGAGACAGCAAGACACACTCCAGTCAATTCCTGGCTAGGCAACATAATCATGTTTGCCCCCACACTGTGGGCGAGGATG
I L M THFFSVLIARDO QLTES QALDTCETIYGACYSTITEPLDLZPPTITIQRTLUHGLSATFS
ATACTGATGACCCATTTCTTTAGCGTCCTTATAGCCAGGGACCAGCTTGAACAGGCCCTCGATTGCGAGATCTACGGGGCCTGCTACTCCATAGAACCACTTGATCTACCTCCAATCATTCAAAGACTCCATGGCCTCAGCGCATTTTCA
L HSYSPGETINRVAACLRIKTLGVPPLRAWRIHRARSVRARILILARSGS GRAAITCSEGHK
CTCCACAGTTACTCTCCAGGTGAAATTAATAGGGTGGCCGCATGCCTCAGAAAACT TGGGGTACCGCCCTTGCGAGCTTGGAGACACCGGGCCCGGAGCGTCCGCGCTAGGCTTCTGGCCAGAGGAGGCAGGGCTGCCATATGTGGCAAG
Y L F NWAVRTIKTILT KT LTPIAAAGO QLUDTILSGWMWTFTAGYSGGDTIYHSVSHARPRUWIW
TACCTCTTCAACTGGGCAGTAAGAACAAAGCTCAAACTCACTCCAATAGCGGCCGCTGGCCAGCTGGACTTGTCCGGCTGGTTCACGGCTGGCTACAGCGGGGGAGACATTTATCACAGCGTGTCTCATGCCCGGCCCCGCTGGATCTGG

8830
2994 F C L L L L AAGV G I Y L L PNR
8980 TTTTGCCTACTCCTGCTTGCTGCAGGGGTAGGCATCTACCTCCTCCCCAACCGATGAAGGTTGGGGTAAACACTCCGGCCT

FiG.

1. Nucleotide sequence of the HCV RNA genome. The sequence of HCV-1 is shown in DNA form (T instead of U residues) along with
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the encoded polyprotein. Amino acids conserved among NTP-binding helicases (8) of Dengue? flavivirus (9), BVDV (10), and tobacco etch
potyvirus (11) are denoted by *. Residues conserved among all viral RNA-dependent polymerases (12) are indicated by #, and amino acids
conserved among the putative trypsin-like serine proteases of flaviviruses and pestiviruses (13) are denoted by $. Some of the 5’-terminal
nucleotides conserved among BVDV and hog cholera pestivirus (14) are denoted by |. Short ORFs in the 5’ region are underlined. Clonal
heterogeneities were observed at amino acids 9 (Lys/Arg), 11 (Thr/Asn), 176 (Thr/Ile), 334 (Val/Met), 603 (lle/Leu), 1114 (Ser/Pro), 1117

(Thr/Ser), 1276 (Leu/Pro), 1454 (Tyr/Cys), 2349 (Thr/Ser), and 2921 (Gly/Arg).

imately between amino acids 1230 and 1500 and contains many
residues in common with putative NTP-binding helicases
encoded by human flaviviruses, animal pestiviruses, and plant
potyviruses (ref. 8; identical amino acids are asterisked in Fig.
1), with HCV showing the greatest similarity with the pesti-
viruses (16). A second region lies between amino acids 2703
and 2739 and contains the 6 residues highly conserved among
all viral-encoded RNA-dependent RNA polymerases (ref. 12;

indicated by # in Fig. 1). Interestingly, it has been noted (16)
that this region in HCV is most similar to the replicase encoded
by the plant carmovirus, the carnation mottle virus. Along
with the observed similarity with plant potyviruses, this is
presumably a reflection of the distant evolutionary relation-
ship between animal and plant viruses (17). The third region
lies immediately upstream of the putative NTP-binding heli-
case region and contains those amino acids (indicated by $ in
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Fig. 1) conserved among the putative trypsin-like serine pro-
teases postulated to be encoded by flaviviruses and pestivi-
ruses on the basis of comparative sequence analyses with
trypsin-like molecules (13). Importantly, the relative location
of these three partially conserved domains is similar in the
cases of HCV, flaviviruses, and pestiviruses (regions p, h, and
r in Fig. 2), whereas this is not the case for the related plant
agents. Carnation mottle virus does not appear to contain
HCV-related helicase and protease domains (23), while the
plant potyviruses contain a putative trypsin-like protease
domain downstream rather than upstream of the helicase
region (24).

The elucidation of the sequence of the complete HCV
polyprotein reported here now reveals many other features in
common between HCV and the flaviviruses and pestiviruses.
First, the sizes of the polyproteins encoded by HCV and the
flavi- and pestiviruses are all similar [3011, =3400, and =4000
amino acids, respectively (Fig. 2)]. Second, the structural
proteins of the flavi- and pestiviruses are situated at the N
termini of their polyproteins beginning with a small, basic
nucleocapsid protein (9, 21). The HCV polyprotein also
contains a small, highly basic domain at its extreme N
terminus (Figs. 1 and 2), which appears to encode a 22-kDa
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Fi1G. 2. Comparison of the hydrophobicity profiles of the large
polyproteins encoded by HCV (hcv), yellow fever virus (yfv), and
BVDV (bvdv). Hydrophobic regions (above the horizontal) are
shaded, whereas hydrophilic areas (below the horizontal) are un-
shaded (18). Long vertical lines represent either known (continuous)
or presumptive (dashed) cleavage sites of the yfv polyprotein (19, 20)
that yield the structural proteins [nucleocapsid (C), membrane pro-
tein (pre-M/M), and major envelope protein (E)] and nonstructural
(NS) proteins (NS1-NSS). The presumptive boundaries (10, 21, 22)
of the glycoproteins (gp) and nonglycosylated proteins (p) of BVDV
are shown by dashed vertical lines [hypothetical 30- and 38-kDa
proteins have not yet been identified in infected cells (10, 21, 22)].
The approximate positions of some of the cleavage points in the HCV
polyprotein as predicted by this alignment are indicated by dashed
vertical lines. Connecting lines define potentially corresponding
domains among the three viral-encoded polyproteins. Potential
N-linked glycosylation sites are marked by short vertical lines above
the hydropathic profiles. Those regions containing amino acids (aa)
conserved among viral serine proteases, helicases, and replicases are
indicated by p, h, and r, respectively.

Proc. Natl. Acad. Sci. USA 88 (1991)

protein (25). It is very likely therefore that this represents the
HCV RNA-binding, nucleocapsid protein. On the other
hand, the conserved replicase domain occurs at the C termini
of all three viral polyproteins (region r in Fig. 2). In contrast,
the nucleocapsid protein is situated at the C termini of the
plant potyviral and carmoviral polyproteins (11, 23, 24).
Furthermore, the hydrophobic characters of the HCV, pesti-,
and flaviviral polyproteins are markedly similar (Fig. 2),
indicating a general similarity in protein structure and orga-
nization despite the absence of extensive homology at the
level of the primary amino acid sequence. In the case of the
pestivirus bovine viral diarrhea virus (BVDV), three pre-
sumed structural glycoproteins (gp48, gp25, and gp53) are
processed from that region of the polyprotein immediately
downstream of the N-terminal nucleocapsid (Fig. 2). In the
flaviviruses, a glycosylated structural membrane protein
(Pre-M) is located immediately downstream of the nucleo-
capsid domain, which is followed in turn by the viral envelope
protein [which is glycosylated in some but not all flaviviruses
(9)] and then by the glycosylated, nonstructural protein 1
(NS1; Fig. 2). There are numerous potential N-glycosylation
sites within the HCV polyprotein sequence immediately
downstream of the presumed nucleocapsid domain closely
resembling the situation with BVDV (Fig. 2). It is therefore
likely that this region of HCV also encodes a structural
glycoprotein(s). Interestingly, in the case of BVDV, the
domain analogous to the flaviviral NS1 actually corresponds
to the major viral envelope protein gp53 (ref. 21; Fig. 2).
Therefore, the function of the equivalent domain in HCV
remains an important question for further defining the de-
tailed relationship between HCV and the flavi- and pestivi-
ruses. In this regard, it should be noted that the 5’ RNA
region upstream of the long HCV ORF resembles the pesti-
viruses more than the flaviviruses in terms of its greater size
and the presence of a number of very short ORFs beginning
with methionine codons (Fig. 1). In addition, while there is
little similarity between the nucleotide sequence encoding the
HCYV polyprotein and that of other known viruses, there are
substantial sequence similarities between the 5’ RNA region
upstream of the polyprotein and the corresponding region in
pestiviral genomes. Part of this homology was detected
initially by Takeuchi et al. (26). The 5’ sequence of hog
cholera virus and BVDYV shows homologies of 48% and 45%,
respectively, with the 5 HCV sequence [large blocks of
common nucleotides between all three viruses are indicated
by | in Fig. 1; more extensive analyses are described by Han
et al. 27)]. This 5' RNA region of HCV is also highly
conserved among different viral isolates, suggesting that it
plays a very important regulatory role (27).

Partial sequence data from the putative structural region of
various HCV isolates has been reported recently (25, 28).
Fig. 3 compares the sequences of amino acids 1-441 from
three Japanse isolates with that of our own USA isolate
(HCV-1). While the presumed N-terminal nucleocapsid re-
gion shows only a few changes between these isolates, the
downstream region encoding the putative glycoproteins
shows many amino acid changes that tend to segregate into
two distinct groups (HCV-1/HC-J1 and HC-J4/JH-1; Fig. 3).
Between the two viral groups, the overall amino acid/
nucleotide sequence homology in the region encoding amino
acids 1-441 is 85%/80% as compared with 94-95%/94-95%
between members of the same group. Previously, the level of
homology between HCV-1 and JH-1 within a small part of the
putative nonstructural region was found to be 92%/80% (29).
These data suggest the existence of closely related but
nevertheless distinct HCV genotypes.

DISCUSSION

Although the identities of individual HCV proteins have not
yet been established, comparative sequence analyses of the
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HCV-1 1 MSTNPKPQKKNKRNTNRRPQDVKFPGGGQIVGGVYLLPRRGPRLGVRATRKTSERSQPRG

HC-J1 -1 R-T

HC-J4 R-T-

JH-1 R-T-

HCV-1 61 RRQPIPKARRPEGRTWAQPGYPWPLYGNEGCGWAGWLLSPRGSRPSWGPTDPRRRSRNLG
HC-J1 \

HC-J4 W A L

JH-1 L

HCV-1 121 KVIDTLTCGFADLMGYIPLVGAPLGGAARALAHGVRVLEDGVNYATGNLPGCSFSIFLLA

HC-J4

JH-1

HCV-1 181 LLSCLTVPASAYQVRNSTGLYHVINDCPNSSIVYEAADAILHTPGCVPCVREGNASRCWV
HC-J1 H V-
HC-J4 I E- VS-1I S: M-M: D-S

JH-1 I E-—-VS-1 S: V-M-A N-S

HCV-1 241 AMTPTVATRDGKLPATQLRRHIDLLVGSATLCSALYVGDLCGSVFLVGQLFTFSPRRHWT
I

HC-J4 -L---L-A-NASV-T-TI-—-V- A-AF-—-M S E

JH-1 -L---L-A-NASV-T-T----V---—-" T-AF———M 1S E

HCV-1 301 TQGCNCSIYPGHITGHRMAWDMMMNWSPTTALVMAQLLRIPQATLDMIAGAHWGVLAGIA
A

V- L-

\A4

HC-J4 V-D LS Vs
JH-1 V-D VS A---VS VM-V L-
HCV-1 361 YFSMVGNWAKVLVVLLLFAGVDAETHVTGGSAGHTVSGFVSLLAPGAKQNVQLINTNGSW
HC-J1 I-S-—Q-ARAM—L——FT——=——=[-———————~
HC-J4 -Y------—---I-A-——---—G--YTS--A-§--T-TLA--FS---§-RI~-V-———--
JH-1 -Y-----——-——I-M-—-——GH-R—~-VQ~-VI-TLT--FR-——S-KI-~V-—----

Fi1G.3. Comparison of the putative structural regions of different
HCYV isolates. The sequence of HCV-1 (Fig. 1) is compared with that
from three Japanese isolates. HC-J1 was derived from a blood donor
(28), HC-J4 was from an isolate passaged in chimpanzees (28), and
JH-1 was from a healthy human carrier (25). Amino acids identical
with HCV-1 are indicated by horizontal lines and the numbering is
according to that in Fig. 1.

HCYV genome and encoded polyprotein indicate that HCV is
a unique virus that has a basic genetic organization and
polyprotein structure resembling that of the pestiviruses and
flaviviruses. The plant potyviruses and carmoviruses are
clearly more distant relatives. Physicochemical data indicat-
ing that this NANBH agent is enveloped and of a similar size
to the Togaviridae led to the earlier suggestion that it may be
related to this family (30). Although at that time flaviviruses
and pestiviruses were classified within the Togaviridae fam-
ily, flaviviruses have since been elevated to their own Fla-
viviridae family (31). On the basis of the same kind of distant
similarities with the flaviviruses observed here for HCV,
Collett et al. (22) proposed recently that pestiviruses also be
classified within the Flaviviridae family as a separate genus
from the flavivirus genus. Accordingly, HCV viruses may
deserve to be classified as a third genus within this family.
Based on the greater sequence similarity observed with
pestiviruses in the 5’ RNA (Fig. 1) and helicase regions (16)
and in the abundance of N-glycosylation sites within the
putative N-terminal glycoprotein region (Fig. 2), HCV ap-
pears to be a closer relative of the pestiviruses than the
flaviviruses (16, 32). Elucidating the identity, structure, and
function of HCV-encoded proteins as well as the viral mor-
phology and replication mechanism (including the structure
of the genomic 3’ terminus) will be necessary to define this
interrelationship conclusively.
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